abundances and/or spatial pattern of co-occurrence, 2) disrupt the temporal synchrony between 83 them, or 3) induce new interactions in the case of the establishment of invasive or alien species. 84
Understanding and identifying the forces that shape biotic interactions in changing 85 environments is particularly important for invertebrates such as insects, a group that constitutes 86 more than half of the biodiversity of Earth and underlies ecosystem services that directly 87 contribute to ecosystem productivity and stability, and to human well-being (see Losey & 88 Vaughan, 2006) . While direct interactions such as predator-prey and insect-plant interactions 89 are widely studied and documented, the vast majority of interactions operate in complex 90 networks where species are connected through both direct and indirect interactions. The 91 process of apparent competition is an example of an indirect interaction, where the population 92 dynamics of species at the same trophic level can be linked via the action of shared natural 93 enemies (Holt & Lawton, 1993; 1994) . For example, the invasion and establishment of a 94 closely-related insect species can be detrimental to a native species by increasing the resources 95 available for their shared parasitoids. Apparent competition mediated by shared parasitoids was 96 shown for leafhopper communities in California where the introduction of a new host species, 97 combined with the strong preference for the native species, resulted in an overall increase in 98 parasitoid pressure and decline of the native species (Settle & Wilson, 1990) . In contrast to 99 direct interactions, indirect interactions are generally more complex and involve several trophic 100 levels, which makes their identification, as well as the evaluation of their effects on species and 101 communities, more difficult. Laboratory experiments conducted on Drosophila assemblages in 102 microcosms have shown that changes in biotic interactions (both direct and indirect) along a 103 climatic cline influence population dynamics (Davis et al., 1998) . In natural systems, the impact 104 of apparent competition has been shown to vary with the size of the community, the abundance 105 of hosts and their phenology (Bonsall & Hassell, 1997 ; Van interactions is mainly derived from a small amount of experimental data gathered under 109 laboratory conditions or at relatively small spatial and temporal scales. The lack of detailed 110 data collected across regions and over multiple generations limits our ability to quantify and 111 predict the impacts of indirect biotic interactions on populations and communities in the context 112 of environmental change. 113
Here we focus on apparent competition mediated by shared parasitoids in a community of 114 closely-related (Nymphalidae: Nymphalinae, Nymphalini) nettle-feeding butterflies (Aglais 115 urticae, Aglais io, Vanessa atalanta) along a latitudinal gradient in Sweden. We investigate the 116 impact of the range expansion of Araschnia levana, a newly-arrived butterfly also feeding on 117 nettle (Urtica dioica). The establishment and expansion of A. levana in Sweden is most likely 118 a result of the warmer conditions observed over the last decades and has the potential to modify 119 the interactions that structure the community of resident nettle-feeding butterflies. Recent 120 analyses of species co-occurrence of three butterfly species (Aglais urticae, Aglais io, and A. the establishment of A. levana in Sweden, and suggested that these shifts could be explained 125 by apparent competition, mediated by shared parasitoids. To further investigate this hypothesis 126 and document the impact of such a change in species assemblage, we conducted a field study 127 spanning a 500 km latitudinal gradient in Sweden, along the establishment gradient of A. 128 levana. We investigated the phenology of parasitism of the nettle-feeding butterflies and its 129 spatio-temporal structuring, and whether the change in parasitism rate was linked to a change 130 in potential for apparent competition that the resident species experienced when co-occurring 131
Material and Methods 133

Study system 134
Aglais urticae, Aglais io, Araschnia levana and Vanessa atalanta are closely-related 135 butterfly species from the same tribe (Nymphalini) within Nymphalidae family. The larvae of 136 all four species feed (practically exclusively) on nettle (Urtica dioica), but they differ in their 137 egg-laying behaviour, phenology, and distribution. 138 Sweden and becomes progressively univoltine as we move to the northernmost part of the 152 country. Larvae of this species are recorded from early May to the end of August. Butterfly 153 individuals from the first generation correspond to the eggs laid in May. In the south, 154 individuals from the second generation are the offspring of adult butterflies from the first 155 generation and correspond to eggs that start to be laid about six weeks later. In between these 156 two peaks, the abundance of A. urticae larvae drops. Aglais io is univoltine in Sweden and 157 starts reproducing soon after A. urticae, with larvae observed from late May to early August. 158
Araschnia levana is an obligate bivoltine species. In contrast to A. urticae and A. io, which 159 overwinter as adults, individuals of A. levana hibernate in the pupal stage. Butterfly larvae from 160 the first generation are found in the field in June; larvae from the second generation are found 161 from end of July to early September. Last, V. atalanta is a migratory butterfly in Sweden and 162 its population depends on the migratory influx from the areas where the species is resident. It 163 is univoltine in Sweden with larvae observed in the field from May to early September. For larvae that were parasitized, we recorded the date and stage from which the parasitoid 200 emerged (larval instar or pupa). We kept parasitoids individually or per batch in plastic vials, 201 under the same laboratory conditions as the butterfly larvae. We preserved freshly-dead adult 202 parasitoids in 95% alcohol, before taxonomic identification. The parasitoid pupae that did not 203 hatch by early September, as well as the pupae from the second generation of A. levana (which 204 have an obligate diapause before adult emergence), were kept cool during the winter period, 205 until we broke their diapause around mid-April (see Appendix S2 for details on the diapause 206 conditions). 207
Analyses 208
We performed all analyses in R 3.6.1. 209
Parasitism rates across counties 210
We investigated variation in overall parasitism rates per butterfly species and county 211 (Skåne, Kronoberg, and Stockholm). We performed this analysis in a Bayesian framework, 212 using generalized linear and nonlinear multivariate multilevel models. We modelled parasitism 213 rate assuming a binomial distribution and a logit link function. We tested for the effect of 214 species, county, year, and the interaction between species and county as linear effects on 215 parasitism rate and included the week of sampling as a non-linear effect (with k up to 4) to 216 control for phenological variations in parasitism rate for each species. We grouped sites by 217 county (Skåne, Kronoberg, and Stockhom, see Fig. 1 ) to reflect the south-north progression of 218 the establishment of A. levana, and increase the power of our analyses along this gradient. We 219 fitted the model through MCMC sampling, using the Hamiltonian Monte Carlo algorithm 220 implemented in Stan (Carpenter et al., 2017) and the R interface provided in the brms package 221 . We ran four chains for 10000 iterations with the first 4000 discarded as 222 burn-in and used the default non-informative priors. To test for significant differences in 223 parasitism between county and species, we compared the posterior probability distribution of 224 the model parameters. 225
Butterfly community and parasitism rate 226
We examined the effect of the butterfly community composition on each species' 227 parasitism rates. Specifically, we tested for the effect of the presence or absence of each species 228 of butterfly, taken as a binary variable (0/1), and the effect of the abundance of larvae, on the 229 parasitism rate of focal species. We also included in each model the non-linear effect of the 230 sampling week (with k up to 4), to capture phenological variations of parasitism of each 231 species. The abundance of larvae corresponds to the total number of larvae from all species 232 collected per site and sampling week and was zero-centred prior to inclusion in the models. We 233 performed these analyses in a Bayesian framework, using generalized linear and nonlinear 234 multivariate multilevel models. Parasitism was modelled assuming a zero inflated binomial 235 distribution with a logit link function and we used the same parameters as previously mentioned 236 for model fitting. Lack of data on parasitism of A. levana prevented us from investigating the 237 impact of community composition on parasitism for this species. Note that this analysis 238 examined the effect of the butterfly community composition on each species' parasitism rates, 239 regardless of the parasitoids responsible for the parasitism rate recorded. Since the parasitoids 240 responsible for the highest mortality are partially or entirely shared between the study 241 butterflies (Table 2) 
General patterns of incidence of butterfly species and parasitoid attack 276
Over the two sampling seasons, we sampled 6777 butterfly larvae across the 19 sites 277 Fig. 2 ). 296
The parasitoid complex varied among the butterfly hosts. Vanessa atalanta was the host of 297 most parasitoid species including representatives of all three families (Table 2) . Aglais urticae 298 was also found to be parasitized by a wide range of species from the three families (Table 2) . 299
Aglais io and A. levana were not parasitized by braconids and A. levana was almost exclusively 300 parasitized by S. bella, except on two occasions by P. confusa ( Table 2 ). Note that the three 301 most abundant parasitoid species were shared among the butterfly hosts, except for P. tibialis 302 and P. confusa that were never observed in A. levana and V. atalanta larvae, respectively. We 303 also recorded cases where the cause of larval death was unknown. While, to a certain extent, 304 we relate this mortality to parasitoids that failed to achieve their development within the body 305 of their host either due to a late attack of the parasitoid or to the immune response of their host 306 (HA, personal observation), we also recorded cases of mortality due to viral infection, bacteria 307 or fungi. The overall percentage of dead larvae due to unknown causes varied from 4.2% for 308
A. levana to 19.8% for A. io ( Table 2 ). The high mortality of A. io is not surprising as this 309 species is relatively sensitive to laboratory rearing conditions, especially during the early 310 instars (HA, personal observation). 311
Effects of latitude and phenology on parasitism rates 312
Parasitism was responsible for high mortality, particularly in A. urticae and A. io (Fig.  313 3a, Table S4 ) and showed a gradual decrease along the latitudinal gradient, from Skåne to 314 Stockhom (Fig. 3a ). Over the two field seasons, 40.2% of A. urticae and and 37.0% of A. io 315 larvae collected in Skåne were parasitized. These rates decrease to 20.4% and 17.4% in 316
Stockholm County for A. urticae and A. io, respectively. Aglais urticae showed higher 317 parasitism rates than A. io, although this effect is driven mainly by the difference observed in 318 the Stockholm area ( Fig. 3a , Table S4 ). Across counties, A. urticae and A. io were parasitized 319 at significantly higher frequency than V. atalanta and A. levana (Fig. 3a ). Over the two field 320 campaigns, V. atalanta showed highest parasitism rate in Skåne, with 39.9% of the larvae 321 collected parasitized, while it was 12.0% and 13.1% in the counties of Kronoberg and 322 Stockholm, respectively. Araschnia levana was very weakly parasitized, with parasitism rates 323 of 4.1% in Skåne and 3.9% in Kronoberg. 324
While the overall parasitism rate was significantly lower in 2017 compared to 2018 (estimate 325 Table S4 ), within each season, parasitism was also lower in 326 early batches than in the later ones. The seasonality of parasitism was, however, specific to 327 each butterfly species (Fig 3b, Table S4 ) and results from differences in their phenology and 328 the phenology of their parasitoids. Parasitism rate in A. urticae followed a bimodal distribution 329 that reflects the bivoltine life cycle of the species in Sweden. In contrast, parasitism rate in A. 330 io and V. atalanta followed a unimodal pattern with a peak at the end of July. We observed a 331 similar unimodal pattern of parasitism in A. levana but the low parasitism in this species makes 332 it difficult to form reliable estimates of its phenological variations. 333
Effect of butterfly species assemblage on parasitism rates 334
The impact of community composition, that is, the number and identity of co-occurring 335 larval species and the total abundance of larvae, on rates of parasitism is specific to each species 336 ( Fig. 4 , Table S5 ). 337 Parasitism in A. urticae is higher when larvae are abundant (estimate = 0.26, 95% CI = [0.09, 338 0.42], Fig. 4a , Table S5 ) and is elevated when A. urticae co-occurs with A. io (estimate = 0.40, 339 95% CI = [0.05, 0.76], Fig. 4a ). Parasitism in A. io was not sensitive to the abundance of larvae 340 at the time of collection (estimate = -0.03, 95% CI = [-0.17, 0.10], Fig. 4b , Table S5 ) but varied 341 according to species assemblage and community size (Fig. 4b) Table S5 ). We also observed that 345 parasitism rate in A. io increased with the number of co-occurring species (Fig. 4b ). We did not 346 observed an effect of larvae abundance or species assemblage on parasitism in V. atalanta (Fig.  347 4c, Table S5 ). Our results highlight the influence of species assemblages and trophic interactions on 358 the parasitism of nettle-feeding butterflies. We showed that parasitism was responsible for high 359 mortality rates in two of the native species, A. urticae and A. io. In comparison, parasitism 360 caused lower mortality in V. atalanta and A. levana. The parasitoid complex was shared among 361 the nettle-feeding butterflies but A. levana, the newcomer in Sweden, was almost exclusively 362 parasitized by the tachinid S. bella. We observed that parasitism was influenced by community 363 composition and that this effect was specific to each butterfly species. In addition, we found 364 higher rates of parasitism in the native species at sites where A. levana has established for a V. atalanta is difficult to explain, considering that this species was host for the largest diversity 378 of parasitoids and that it has been documented to be highly parasitized in other parts of its range 379 (see Rice, 2012) . Variation in V. atalanta parasitim rates across its range might be related to its 380 migratory behaviour, conditions at overwintering sites, and synchrony between the butterfly 381 and its parasitoids. The pattern is different for A. levana, which is resident in Sweden and has 382 been found to be weakly parasitized in other parts of its distribution (Wagner et al., 2011) . From our study, we can not rule-out the effect of other differences across counties, such as 433 changes in parasitoid species richness, population dynamics, habitat quality, or variation in 434 phenological synchrony between the butterflies and their parasitoids, which may all contribute 435 to explain the latitudinal decrease in parasitism. For example, the occurrence of other hosts 436 over the landscape may influence the population dynamics of parasitoids and mediate apparent 437 competition (Davis, 1991; Gaston, 2005) . Parasitoids are also responding to the conditions of 438 their habitat (Shaw 2006) , which may vary between counties, despite our effort to select sites 439 with comparable landscape. The latitudinal decrease in parasitism could also be associated with 440 a latitudinal trend in weather conditions. Temperature affects insect-parasitoid interactions 441 (Thomas & Blandford, 2003) . While in some systems parasitoid activity can increase with 442 temperature ( The systematic sampling that we carried out in the field, at these temporal and spatial scales, 455
and on a set of species that are assembled in a community is rare, but crucial to further our 456 understanding of indirect biotic interactions that structure the community and their persistence 457 and stability over time and space. It enabled us to study the manner by which species 458 composition, variation in abundance, species phenology, and the arrival of A. levana, influence 459 local biotic interactions and, ultimately, provide evidence consistent with the role of apparent 460 competition mediated by shared parasitoids in nettle-feeding butterflies. In particular, we 461 showed that parasitoid pressure plays a major role, having an important effect on mortality of 462 our study species in Sweden. We also provide further evidence that modifications favourable shared by different herbivore guilds? Basic and Applied Ecology, 8(6), 544-551. 580 Table 1 Showing the distribution of larvae dead, according to sampling sites and counties, by parasitoid family and species, and due to 604 unknown causes, covering infection by virus, bacteria, or fungi. The sites are ordered latitudinally. Note that 5 larvae were parasitized by 605 two different species, which lead to the discrepancy between the total by family and the grand total. 606 Larval death by: according to the number of species which co-occur. The first bar on each plot corresponds to 636 parasitism rate of the focal species found alone (mean ± CI) at each site and the letter stands 637 for the identity of the focal species with A for A. urticae, B for A. io, C for V. atalanta. The 638 following bars correspond to parasitism rate of the focal species (mean ± CI) when co-occurring 639 with other nettle-feeding butterflies with +A when the species co-occur with A. urticae, +B 640 with A. io, +C with V. atalanta, and +D with A. levana. Non overlapping confidence intervals 641 correspond to significant differences in parasitism rate between groups. 642 These analyses followed the same procedure as described in the main text. We tested 700 for the effect of the presence or absence of each species of butterfly, taken as a binary variable 701 (0/1), and the effect of the abundance of larvae, on the parasitism rate of each of the native 702 species. We also included in each model the non-linear effect of the sampling week (with k up 703 to 4), to capture phenological variations of parasitism of each species. The abundance of larvae 704 corresponds to the total number of larvae from all species collected per site and sampling week 705 and was zero-centred prior to inclusion in the models. We performed these analyses in a 706
Bayesian framework using generalized linear and nonlinear multivariate multilevel models. 707
Parasitism was modelled assuming a zero inflated binomial distribution with a logit link 708 function. The models were fitted through MCMC sampling, using the Hamiltonian Monte 709 Carlo algorithm implemented in Stan (Carpenter et al., 2017) and the R interface provided in 710 the brms package . We ran four chains for 10000 iterations with the first 711 4000 discarded as burn-in and used the default priors. To test for significant differences in 712 parasitism between county and species, we compared the posterior probability distribution of 713 the model parameters. 714
Results 715
We observed that the number and identity of co-occurring larval species and the total 716 abundance of larvae affected parasitism by the subset of parasitoids considered in this analysis, 717
and was specific to each species (Fig. S3 , Table S3 ). However, the patterns of variation of each 718 species' parasitism rates are different from the observed patterns when including all parasitoid 719 species and the three counties. 720 Parasitism in A. urticae is higher when the species co-occurs with A. levana (estimate 721 = 1.01, 95% CI = [0.31, 1.70], Fig. S3 , Table S3 ). Parasitism in A. io no longer showed 722 sensitivity to the co-occurrence of A. urticae and A. levana, but still increased when the species 723 co-occurs with V. atalanta (estimate = 3.46, 95% CI = [2.51, 4.48], Fig. S3 , Table S3 ). 724
Parasitism in A. io is also higher when larvae are abundant (estimate = 0.65, 95% CI = [0.35, 725 0.96]). Similarly to the analysis present in the main manuscript, we did not observed an effect 726 of larvae abundance or species assemblage on parasitism in V. atalanta (Fig. S3 , Table S3 ). correspond to parasitism rate of the focal species (mean ± CI) when co-occurring with other 754 nettle-feeding butterflies with +A when the species co-occur with A. urticae, +B with A. io, +C 755 with V. atalanta, and +D with A. levana. Non overlapping confidence intervals correspond to 756 significant differences in parasitism rate between groups. 757 Appendix S4 Summary table of the population-level effects of butterfly species, counties,  769 sampling year, and seasonality (week of sampling), and of the non linear effect of the 770 seasonality for each butterfly (sds), on parasitism rates. Estimates are provided on the logit-771 scale. Non overlapping confidence intervals correspond to significant differences in parasitism 772 rate between groups. We assessed model fit by checking that the chains have mixed well and 773 by looking at the distribution of the predictive values. Sds corresponds to the variance 774 parameter (higher values reflecting more wiggly smoother). Note that the confidence intervals 775 are not overlapping zero. The smooth term is, therefore, required over the linear parametric 776 effects of the week (see sweek: species Summary table showing the effect of counties, years and the interaction between  795 counties and years on the average temperature recorded by the temperature loggers placed in 796 the field from May to August. We investigated differences in temperature averages between 797 counties to test if these differences could explain the latitudinal pattern found in parasitism 798 rates. We found that there is not a linear decrease in the average temperature as we go north. 799
Indeed, the average temperature was +0.4°C higher in the Stockholm county than in 800
Kronoberg. The the average temperature in 2018 is higher that in 2017, with on average +2.8°C. 801
This increase was found to be slightly more pronounced in Skåne (estimate = 0.41, t-value = 802 8.7, p < 0.001). 803 
